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Ceria-supported Ni, Ru and Ni-Ru catalysts have been tested in the catalytic 
decomposition of ammonia to yield hydrogen and their performance in long-term tests has 
been compared to alumina-supported Ni and Ru samples. The catalysts have been 
characterized by XRD, TPR, NH3-TPD, HAADF-STEM, SEM, BET and XPS. Ceria-based 
samples are more active in ammonia decomposition with respect to their alumina-based 
counterparts, which has been ascribed to a particular metal-support interaction, while 
acidity does not seem to play an important role. Ru-based catalysts are more active than 
Ni-based samples, but they deactivate rapidly, in particular the Ru/Al2O3 sample. This is 
ascribed to loss of exposed Ru, as demonstrated by XPS and HAADF-STEM. Considering 
the high cost and limited availability of Ru, the Ni/CeO2 catalyst appears as a promising 
system for ammonia decomposition due to its good performance and low cost. In situ XPS 
experiments reveal that the active sites for the catalytic decomposition of ammonia are 
metallic Ni and Ru. Bimetallic Ni-Ru catalysts do not outperform their monometallic 
counterparts, irrespective of the order in which the metals are added.  
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1. Introduction 
Hydrogen is known to be a clean and environmentally sustainable energy vector. Its use in 
Proton Exchange Membrane Fuel Cells (PEMFC) to generate energy is a suitable 
alternative to the use of fossil fuels which have a high carbon footprint, as water is the only 
secondary product generated in the process [1-3]. One of the current challenges facing 
hydrogen technologies is its storage and transport [4-6]. Although hydrogen has a very 
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high energy density on a mass basis (119.7 MJ kg-1 of lower heating value at 25ºC and 1 
bar, while gasoline has 44.79 MJ kg-1) [7], it has a very low energy density on a volume 
basis due to its low molecular weight (8.96 GJ m-3, while gasoline has 31.17 GJ m-3, both 
referred to as liquid fuels) [8], which leads to storage difficulties. In addition, hydrogen 
tends to diffuse through the material which is used to contain and transport it, resulting in 
embrittlement of the storage material [9-10]. 
The most common method of hydrogen storage nowadays is as a compressed gas at 
pressures of up to 700 bar at room temperature [11]. Alternatively, liquid hydrogen of 
higher volumetric energy density can be used; however, liquid hydrogen is cryogenic and 
boils at -252.9°C at 1 bar [12-13]. There is an intermediate method, cryo-compression, in 
which hydrogen is stored in the form of gas cooled until the pressure required for its 
compression reduces to 350 bar [14]. All these techniques require a large amount of 
energy [15]. Another method is the adsorption of hydrogen on a material with high surface 
area and porosity, such as metal hydrides and organic frameworks (MOFs), because they 
have well known and controllable structural characteristics [16]. However, in this case the 
adsorption of hydrogen still has a low volumetric density, energy is irremediable lost in 
transporting the carrier [17] and there are difficulties in their regeneration processes [18]. A 
completely different approach to store hydrogen is chemical storage in the form of another 
compound that contains hydrogen, this allows for transportation with relative ease [19-22]. 
Hydrogen is then generated on site through a chemical reaction (decomposition, steam 
reforming, oxidative reforming, etc.) [23-26]. 
Ammonia has been frequently considered as a feasible option for chemical storage 
because of its high hydrogen content (17.8% by weight and a volumetric density of 121 kg 
H2 m-3 at 10 bar) and absence of carbon. It has an energy density in volume of 13.6 GJ m-
3, a value that fall between hydrogen and gasoline [27-30]. If the ammonia used in the 
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process is produced through renewable resources, the entire hydrogen production process 
has a very low carbon footprint. Ammonia liquefies at low pressure, 8.6 bar at 20°C, so its 
transport and storage is relatively easy [31]. With regard to safety issues, ammonia has a 
narrow combustion range, 16-25% in air, compared to that of 4-75% for hydrogen, and a 
concentration as low as 5 ppm can be detected easily by smell [32]. 
In order to use ammonia as an energy carrier, the development of catalytic systems able 
to yield hydrogen at efficient rates is needed. The decomposition reaction of ammonia is 
endothermic (equation 1): 
2 NH3(g)  N2(g) + 3 H2(g)   ΔH°=46.22 kJ mol−1       (eq. 1) 
High operating temperatures are required to bring the ammonia decomposition reaction to 
completion and so to produce hydrogen very high in purity. This is necessary when the 
decomposition is used to provide H2 to a PEMFC because it deteriorates irreversibly at low 
concentrations of ammonia (ca. 0.1 ppm) [28]. The high temperature of the decomposition 
reaction leads to the necessity for a supply of energy and, for that reason, appropriate 
catalysts are being developed to run the reaction at a lower temperature with high 
efficiency. Furthermore, a hydrogen selective metallic membrane can be used to remove 
hydrogen from the reactor and shift the reaction equilibrium [33]. 
A considerable number of studies have appeared in recent literature regarding ammonia 
as a decomposition catalyst. There is a general agreement that ruthenium is the most 
active metal for this reaction [34–39]. Ganley et al. have studied a number of metals 
supported on Al2O3 pellets and they have reported that the activity follows the order: Ru > 
Ni > Rh > Co > Ir > Fe > Pt > Cr > Pd > Cu [40]. Although nickel is less active than Ru, it is 
interesting due to its low cost compared to ruthenium [41]. Using high throughput 
techniques, Liu et al. have tested a high number of transition metals supported on SiO2, 
proving that the most active metals at 843 K are Ru > Ni > Co > Ir > Ag, while the other 
5 
 
transition metals present very low catalytic activity [42]. To enhance the catalytic activity of 
some of the low-cost metals different bimetallic compositions have been explored because 
it is known that bimetallic systems usually have superior properties with respect to their 
monometallic counterparts [43]. Cobalt has been combined with Mo [44] and Fe [45,46]. 
Iron has been combined with Mo [47]. Nickel has been studied in the bimetallic systems 
Ni-Ir [48], Ni-Pt [49], Ni-Mo [50,51], Ni-Pd [52] and Ni-Fe [53]. All these bimetallic catalysts 
have shown better ammonia decomposition performances than their monometallic 
counterparts, but still ammonia conversion is low at temperatures below 550ºC [37]. 
Regarding the supports, Al2O3, SiO2, MgO and both structured and non-structured carbon 
have been widely used [34,35,37]. Cerium dioxide has rarely been used as a catalyst 
support in this reaction but, in addition to providing reactive surfaces, ceria prevents metal 
sintering at high temperatures through robust metal-support interactions [54,55]. 
Regarding the use of ceria in catalytic ammonia decomposition, it has been employed as a 
support for Ni catalysts by Muroyama et al. [56] and Deng et al. [57] with contradictory 
results, and as a dopant by Liu et al. [58], Yao et al. [59] and Zhao et al. [60] who have 
studied its promoting effect in Ni supported on silica and Co-Mo supported on carbon 
nanotubes. Nickel supported on ceria-zirconia and cobalt supported on MgO-CeO2 have 
also been tested [57,61]. However, less attention has been payed to the architecture of the 
active sites provided by these catalysts and, to the best of our knowledge, no dedicated in 
situ and/or operando studies have been attempted. Obviously, the characterization of the 
active sites would provide valuable information when preparing a new generation of highly-
active catalysts for ammonia decomposition to yield hydrogen. With that purpose, here we 
have performed an in situ X-ray photoelectron spectroscopy (XPS) study of CeO2-
supported Ni and Ru catalysts under ammonia decomposition conditions to get an insight 
into the nature of the active sites. The performance of Ni, Ru and bimetallic Ni-Ru on 
alumina and ceria supports are also compared.  
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2. Materials and methods 
2.1 Catalyst preparation 
Nanopolycrystalline CeO2 was prepared using an ultrasonic atomizer (Sonozap HTWS30) 
and a hydrothermal reactor (Reactor Chemipress-500) by following the procedure 
described in [62]. A solution of 6.07 g of Ce(NO3)3.6H2O (Alfa Aesar) in 35 ml of distilled 
water was atomized over an agitated solution of 2.00 g of NaOH (Fisher Scientific) in 245 
ml of distilled water at 400-500 rpm. After that, the resulting solution was agitated for 30 
minutes at room temperature. This precursor solution was then treated in the hydrothermal 
reactor at 150°C for 24 hours in order to produce the polycrystalline cerium oxide. The 
resulting material was centrifuged (15 min at 10,000 rpm), sonicated, and cleaned with 
distilled water (three times) and ethanol (twice) until a neutral pH was obtained. The 
material was dried at 70°C overnight, ground into an agate mortar and calcined at 450°C 
for 4 hours (2°C min-1). Alumina was prepared by calcination of γ-Al(OH)3 (Panreac 
Química S.A.U.) at 500°C for 5 hours (10°C min-1). 
The CeO2 and Al2O3 supports were impregnated using the incipient wetness (IWI) method 
from aqueous solutions of Ni(CH3COO)2·4H2O (Probus) and/or RuCl3 (Tokyo Chemical 
Industries). The amount of nickel in the catalysts was fixed at 10% w/w, while ruthenium 
content was 2% w/w. After impregnation, catalysts were dried at 100°C for 24 h and 
calcined at 450ºC (Ni catalysts) and 400°C (Ru catalysts) for 4 h (5°C min-1). Bimetallic 
catalysts were prepared on CeO2 by three different methods: (1) IWI of the previously 
prepared ceria supported nickel catalyst with RuCl3 dissolved in water, (2) IWI of the 
previously prepared ceria supported ruthenium catalyst with Ni(CH3COO)2·4H2O dissolved 
in water, and (3) co-impregnation of RuCl3 and Ni(CH3COO)2·4H2O on CeO2. Catalysts 
were calcined at 450°C for 4 h (5°C min-1). They were labeled as (1) Ru-Ni, (2) Ni-Ru and 
(3) NiRu, respectively. 
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2.2 Catalyst characterization 
Powder X-ray Diffraction (XRD) patterns were recorded using a Siemens D5000 
diffractometer using Cu Kα radiation (45 kV, 35 mA) in Bragg-Brentano geometry. The 
diffraction patterns were recorded in steps of 0.02° at 1 second per step. The Debye-
Sherrer equation was used to measure crystallite size. Temperature Programmed 
Reduction (TPR) experiments were performed with a Chemstar-TPX instrument equipped 
with a Thermal Conductivity Detector (TCD). Samples (50 mg) were first heated from RT 
to 450°C in argon flow (50 ml min-1, 10°C min-1), kept at 450°C for 10 minutes and cooled 
down to 50ºC under Ar flow. TPR was then performed from 50ºC up to 500ºC (10°C min-1) 
under 10% H2 in Ar (the total flow was 50 ml min-1) and kept at 500ºC for 30 minutes. 
Temperature Programmed Desorption of Ammonia (NH3-TPD) analysis was carried out to 
determine catalyst acidity with a BELCAT-M instrument equipped with TCD. Samples (50 
mg) were first heated from RT to 450°C in Ar flow (35 ml min-1, 10°C min-1), kept at 450°C 
for 20 minutes and cooled down to 50°C under Ar. Samples were then exposed to pulse 
titration by using a loop of a known volume of ammonia in Ar flow until saturation. NH3-
TPD was finally performed from 50°C up to 800°C with a heating rate of 10°C min-1 under 
Ar (35 ml min-1) and kept at 800°C for 30 minutes. Nitrogen adsorption isotherms were 
performed at 77 K using a Micromeritics ASAP2020 gas adsorption instrument. The 
materials were degassed at 500ºC for 10 h prior to the adsorption experiments. The 
specific surface areas were calculated using the Brunauer–Emmett–Teller (BET) method. 
Scanning Electron Microscopy (SEM) images were recorded at 5 kV using a Zeiss Neon40 
Crossbeam Station instrument equipped with a field emission source. The catalyst was 
suspended in ethanol, and a drop of the solution was placed on a silicon wafer. Scanning 
transmission electron microscopy under high-angle annular dark field mode (HAADF-
STEM) was carried out with a FEI TECNAI F20 S/TEM instrument equipped with a field 
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emission electron source operated at 200 kV. Samples were prepared by dispersing the 
catalysts in methanol; a drop of the suspension was then allowed to evaporate on a holey 
carbon coated copper grid. Surface chemical characterization was done by X-ray 
Photoelectron Spectroscopy (XPS) on a SPECS system equipped with a XR50 source 
operating at 150 W and a Phoibos 150 MCD-9 detector. The pass energy of the 
hemispherical analyzer was set at 25 eV and the energy step of high-resolution spectra 
was set at 0.1 eV. The pressure in the analysis chamber was always below 10-7 Pa, and 
binding energy (BE) values were referred to the C 1s peak at 284.8 eV. Data processing 
was performed with the CasaXPS software. Atomic fractions were calculated using peak 
areas normalized on the basis of acquisition parameters after background subtraction, 
experimental sensitivity factors and transmission factors provided by the manufacturer. 
Cerium 3d spectra were deconvoluted using six peaks for Ce4+ (V, V’’, V’’’, U, U’’ and U’’’), 
corresponding to three pairs of spin-orbit doublets and four peaks for Ce3+ (V0, V’, U0 and 
U’), which correspond to two doublets, based on the peak positions reported by Mullins et 
al. [63], where U and V refer to the 3d3/2 and 3d5/2 spin-orbit components, respectively. 
Aluminum 2p spectra were deconvoluted using two peaks for Al3+ (Al 2p3/2 and Al 2p1/2) 
using the work of Rotole et al. as a reference [64]. Nickel 2p deconvolution was based on 
a comparison of the reported peak positions and FWHM by Davidson et al. [65], Roy et al. 
[66], Mansour et al. [67] and Biesinger et al. [68]. Nickel 2p spectra were deconvoluted 
using four peaks and four satellites for Ni2+ corresponding to four pairs of spin-orbit 
doublets, two peaks and two satellites for Ni3+ corresponding to two pairs of spin-orbit 
doublets and two peaks and two satellites for Ni0 corresponding to two pairs of spin-orbit 
doublets. Ruthenium 3d spectra were deconvoluted following the works of Morgan [69], 
Bianchi et al. [70] and Elmasides et al. [71]. For the deconvolution of Ru spectra four 
peaks for Ru4+ and two peaks for Ru0 have been used, corresponding to four and two pairs 
of spin-orbit doublets, respectively. In situ ammonia decomposition experiments were 
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performed in a reaction chamber connected to the XPS analysis chamber that allowed for 
dynamic treatments up to 600°C under atmospheric pressure. The temperature of the 
sample was measured with a thermocouple in contact with the sample holder, which was 
heated with an IR lamp. The reactants were introduced by means of mass flow controllers 
(Ar:NH3=4:1, molar basis, total 25 ml min-1) and the evolution of products was followed by 
a mass spectrometer Dycor LC-D Series Residual Gas Analyzer (1-100 amu). For the 
experiments, samples were heated under the reaction mixture of Ar and NH3. At the end of 
each experiment (30 min), the sample was cooled down to ambient temperature before 
transferring it to the analysis chamber. The sequence of spectra recorded and experiments 
performed were (i) sample as prepared, (ii) activation under H2 at 300°C, (iii) ammonia 
decomposition at 350°C, (iv) ammonia decomposition at 450°C, (v) ammonia 
decomposition at 550°C, (iv) reduction under H2 at 550°C.  
2.3 Catalytic tests  
The catalytic reactions were carried out at atmospheric pressure in a 316-grade stainless 
steel tubular reactor with a diameter of ¼" OD and a wall thickness of 0.035". The mass of 
powdered catalyst used was 100 mg, which was diluted with SiC to obtain a fixed bed 
volume of 0.45 cm3. The reactor was placed inside a vertical furnace connected to an 
external thermal control system to regulate the temperature of the reactor within ±0.1°C. 
The reactor effluent was analyzed on-line with a mass spectrometer (OmniStar GSD320 
O2 series). In this study, an instrumental error of ±5% in the mass spectrometer results is 
considered. The catalytic activity was measured between 350 and 600ºC at steps of 50ºC 
(30 min at each temperature). Catalysts were activated at 300ºC for 1 h with H2 (10% in 
Ar, 80 ml min-1, 10ºC min-1). Reaction tests were conducted using a total gas flow of 23 ml 
min-1 and a Ar:NH3 ratio of 1.3:1 (molar basis), which corresponds to a gas hourly space 
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velocity (GHSV) of 3,067 h-1. Stability tests were conducted for 100 h at 450°C. Ammonia 
conversion, NH3 conv, is defined as (equation 2):  
NH3 conv. =
Q NH3 initial−Q NH3 final
Q NH3 initial
∗ 100          (eq. 2) 
 
3. Results and discussion 
3.1 Catalytic ammonia decomposition 
Figure1 shows variable-temperature ammonia conversion of the catalysts prepared in this 
study as well as the bare CeO2 and Al2O3 supports and a blank run of the reactor 
employed. As expected, in all cases ammonia decomposition increased with reaction 
temperature and the only products obtained were H2 and N2 in a H2:N2 ratio of 3:1. Also, 
the activity of the ceria and alumina supports was negligible taking into account the 
ammonia conversion levels obtained in the blank run. For each support, Ru-based 
catalysts were more active than their Ni-based counterparts. In particular, Ru/CeO2 
showed high ammonia conversion at low temperatures with respect to Ni/CeO2, 98 vs. 
63% at 450ºC. On the other hand, for each metal, CeO2-supported catalysts were much 
more active than their respective Al2O3-supported counterparts. Concerning the three Ni-
Ru/CeO2 bimetallic samples, their activity was almost the same at each temperature (± 4% 
of difference) and it was intermediate between those exhibited by Ru/CeO2 and Ni/CeO2, 
irrespective of the order in which the metals are added. Overall, the ammonia 
decomposition activity followed the trend: Ru/CeO2 > Ru-Ni/CeO2 ~ Ni-Ru/CeO2 ~ 
NiRu/CeO2 > Ru/Al2O3 > Ni/CeO2 >> Ni/Al2O3. The superior performance of Ru-based 
catalysts with respect to Ni-based ones in the decomposition of ammonia to produce 
hydrogen has already been described in the literature [40]. In this work we demonstrate 
that CeO2 is a better support than the conventional Al2O3 used for this reaction and that 
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the bimetallic system Ni-Ru/CeO2 does not allow for further improvement of the results 
already obtained with Ru/CeO2. In order to compare the catalytic performances obtained in 
this work with those reported in literature, the turnover frequency values (TOF) have been 
calculated. Yin et al. [72] reported a TOFH2 of 1.1 s-1 (150,000 ml h-1 gcat-1) for Ru 
supported on CNTs at 400ºC, while Wang et al. [73] and Yin et al. [74] reported TOFH2 
values of 4.8 s-1 (60,000 ml h-1 gcat-1) and 3 s-1 (30,000 ml h-1 gcat-1) at the same 
temperature after promoting Ru/CNTs with K. The TOFH2 obtained in this study for 
Ru/CeO2 at 400ºC (13,800 ml h-1 gcat-1) is 1.8 s-1, which is in the range of the TOF values 
reported for the most active Ru/CNTs catalysts. The TOFH2 of Ru/Al2O3 under the same 
conditions is 1.0 s-1, also in the range of the values reported in the literature for alumina-
supported Ru catalysts ([74,75]). Considering Ni catalysts, Ni/Al2O3 exhibits a TOFH2 value 
of 0.01 s-1 and Ni/CeO2 of 0.03 s-1 at 400ºC; these values are lower than that reported by 
Choudhary et al. using Ni/SiO2, 0.4 s-1 at 400ºC (30,000 ml h-1 gcat-1) [75]. 
 
Figure 1. Variable-temperature ammonia conversion. Reaction test conditions: GHSV of 
3,067 h-1, 0.1 g of catalyst, F/W of 13.8 L h-1 g-1, Ar:NH3=1.3:1, 1 atm. 
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An interesting point to discuss is the different dynamics exhibited by the Ru/CeO2 and 
Ni/CeO2 catalysts during the reaction tests. Figure 2 shows the catalytic performance over 
time at each temperature tested. According to the results outlined above, the Ni/CeO2 
sample is poorly active at low temperatures (up to 400ºC), but it is important to note that at 
these low temperatures it deactivates significantly. However, at 450ºC there is a 
progressive activation of the catalysts over time on stream and the conversion of ammonia 
increases sharply. At temperatures of 500ºC and higher the conversion of ammonia 
progressively increases and the catalyst shows stable ammonia conversion. In contrast, 
the Ru/CeO2 catalyst shows a distinct behavior. The sample only shows a slight 
deactivation at the lowest temperature tested, 350ºC, and at temperatures of 400ºC and 
above the catalyst shows a readily stable ammonia conversion. This issue is related to the 
formation of active sites in the catalysts and will be studied in detail by in situ XPS in 
section 3.3. 
 
Figure 2. Variable-time gas concentration measured over Ni/CeO2 and Ru/CeO2. Reaction 





The two oxides used as catalytic supports were analyzed before the deposition of the 
metals by SEM to study their morphology and BET for the surface area. Figure 3 shows 
representative SEM images of Al2O3 (a and b) and CeO2 (c and d). Alumina particles have 
a hexagonal, platelet-like morphology with a basal plane size ranging from about 50 to 500 
nm. Ceria particles are much smaller, have a rounded morphology and measure from 5 to 
10 nm. According to the results of the BET analysis, the surface area of ceria is 70.3 m2 g-1 
and that of alumina is 231 m2 g-1.  
 
 
Figure 3. SEM images of Al2O3 (a,b) and CeO2 (c,d) at different magnifications. 
 
In Figure 4, HAADF-STEM images of Ru and Ni supported on ceria and alumina are 
presented along with the particle size histograms of the metal nanoparticles. The 
hexagonal, platelet-like morphology of the Al2O3 support is nicely seen in the low-
magnification image in Figure 4. Alumina platelets measure 50-400 nm along their basal 
plane, in accordance to SEM results, and show a thickness of about 20 nm (see arrow in 
Figure 4, Ru/Al2O3, low magnification). At high magnification the high porosity of the 
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alumina support at the nanometer level is also observed, which accounts for the high BET 
surface area measured. Ruthenium particles of about 8 nm in diameter are very well 
distributed over the alumina support in Ru/Al2O3 (Figure 4, Ru/Al2O3, red circles). Nickel 
particles of about 3.3 nm in diameter are also highly dispersed over the alumina support in 
Ni/Al2O3 (Figure 4, Ni/Al2O3, green circles). Ru/CeO2 contains ceria nanoparticles with a 
round-shape morphology of about 4-10 nm in size, in accordance with SEM observations 
(Figures 3 and 4) and Ru particles of about 7 nm (Figure 4, Ru/CeO2, red circles). In 
Ni/CeO2, Ni particles exhibit a diameter of about 5 nm (Figure 4, Ni/CeO2, green circles). In 
both cases, random energy-dispersive X-ray analyses reveal the metals are highly 
dispersed over the ceria support.  
 
 




Figure 5 shows the H2-TPR profiles of the ceria-based catalysts. As reported elsewhere 
[76,77], reduction of CeO2 occurs at temperatures between 300 and 600°C. The hydrogen 
consumption by CeO2 starting at about 300ºC is assigned to the reduction of surface 
Ce(IV) to Ce(III). Incorporation of Ni and Ru facilitates the reduction of ceria at the surface, 
which takes place at about 370°C in Ni/CeO2 and 320°C in Ru/CeO2, in accordance to a 
different metal-support interaction and hydrogen spillover ability [77-81]. At lower 
temperatures there is the reduction of nickel oxide at about 215°C and ruthenium oxide at 
ca. 90°C, which is in accordance with literature values [82,83]. The bimetallic samples 
exhibit reduction peaks at lower temperatures, 80 and 180°C. This is in accordance with 
the data reported by Wang et al. [84] showing that ruthenium can facilitate the reduction of 
NiO and CeO2 due to hydrogen spillover.  
 




Figure 6 shows the XRD patterns of the catalysts as prepared and after reduction with H2 
at 300°C (the activation temperature). As expected, the XRD profiles of the ceria-
supported samples are dominated by the characteristic peaks of the CeO2 phase, with a 
mean crystallite size of about 10 nm as deduced from the Scherrer equation, in 
accordance with SEM and STEM results. Additional peaks of RuO2 are observed in the 
Ru/CeO2 catalyst as prepared; their very low intensity indicates a very high dispersion. 
After reduction, the RuO2 peaks in Ru/CeO2 disappear and no peaks of metallic Ru are 
seen, again pointing to an excellent metal dispersion, in accordance with TEM results. The 
XRD profile of the Ni/CeO2 sample as prepared shows peaks corresponding to NiO. These 
peaks disappear after the reduction treatment and new peaks appear corresponding to the 
appearance of Ni metal, in accordance with the TPR profile discussed above (Figure 5). 
Figure 6 also contains the XRD profiles of the alumina-supported catalysts. The alumina 
support shows a pattern corresponding to χ-Al2O3, which is in accordance with the 
thermodynamically stable alumina phase predicted through the thermal sequence of the 
aluminum hydroxides [85] according to the alumina precursor (γ-Al(OH)3 or gibbsite) and 
the calcination temperature (500°C). In addition to the alumina peaks, samples Ru/Al2O3 




Figure 6.  XRD patterns of the samples as prepared and after standard activation 
(reduction in H2 at 300ºC for 1 h). 
 
Alumina-based catalysts have been used thoroughly for the decomposition of ammonia 
given the robustness and acid character of Al2O3 [86]. In this work, we have shown that 
Ni/CeO2 and Ru/CeO2 catalysts perform much better than Ni/Al2O3 and Ru/Al2O3, 
respectively. Thus, acidity alone does not seem to be the main driving force for this 
reaction. We have performed NH3 pulse titration to obtain the total acidity values of the 
different catalysts as well as NH3-TPD to study the strength of the acid sites (Figure 7). As 
expected, the total acidity of the alumina-based samples is considerably higher than that of 
the ceria-based catalysts, 0.4-0.6 vs. 0.1-0.2 mmolNH3 g-1, respectively. On the other hand, 
alumina-based samples exhibit a larger amount of strong acid sites (sites that desorb NH3 
at high temperature) than ceria-based catalysts. The addition of metals in all cases results 
in an enhancement of weak-medium acid sites and in the partial disappearance of the 
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strong acid sites. From these results it is possible to conclude that acidity does not play a 
main role in the catalytic decomposition of ammonia. The high catalytic performance of the 
ceria-based catalysts in the decomposition of ammonia may be related to the well-known 
redox characteristics of ceria and/or to a specific metal-support interaction between ceria 
and the metals. To get more insight into the behavior of these catalysts, an in situ study by 
X-ray photoelectron spectroscopy has been carried out over Ni/CeO2 and Ru/CeO2. 
 
Figure 7. NH3-TPD over different catalysts. Weak and strong acid site ranges are shown 
as patterned area. 
 
 
3.3 In situ XPS 
To precisely identify the active metal species present in the Ni/CeO2 and Ru/CeO2 
catalysts an in situ study was performed by X-ray photoelectron spectroscopy. XP spectra 
were recorded over each sample after calcination, after reduction at 300ºC (activation 
treatment), after ammonia decomposition reaction at 350, 450 and 550ºC, and after 
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reduction at 550ºC. Figure 8 shows the Ce 3d and Ni 2p signals recorded after each 
experiment over Ni/CeO2, Figure 11 corresponds to the Ce 3d and Ru 3d signals recorded 
over Ru/CeO2 after exactly the same treatments and Table 1 compiles the binding energy 
values and surface atomic ratios recorded for each sample under different conditions. 
The fresh Ni/CeO2 catalyst exhibits Ni 2p3/2 bands at 854-856 eV and an intense satellite 
signal at 862 eV. The 2p1/2 bands overlap partially with those of Ce 3d (Figure 8). These 
binding energy values and the presence of the strong satellite both indicate the presence 
of oxidized Ni species, which is in accordance with the XRD results discussed above 
(Figure 6). After activation, the intensity of the satellite signals decrease and new signals 
appear at 853 and 870 eV in the Ni 2p3/2 and Ni 2p1/2 spectra, respectively, which is 
characteristic of metallic Ni. This is in accordance with the TPR profile recorded for this 
sample (Figure 5) and XRD (Figure 6). At the same time, the atomic ratio Ni/Ce decreases 
from 1.1 (fresh sample) to 0.63 (Table 1), indicating that Ni sintering occurs upon 
reduction. The sintering of Ni is also observed clearly in the XRD profiles shown in Figure 
6 from the FWHM values of NiO (fresh catalyst) and metallic Ni (after reduction). However, 
after the sample is exposed to ammonia at 350ºC, these bands disappear, indicating 
oxidation of Ni metal into Ni oxide and, simultaneously, the Ni/Ce atomic ratio increases 
from about 0.63 to 1.0 (Table 1) due to Ni redispersion upon oxidation. This fact explains 
the low activity of the catalyst at this reaction temperature (Figure 9) and the deactivation 
observed in Figure 2. When the ammonia decomposition was conducted at 450ºC the 
activity of the catalyst increased sharply (Figure 9) and it progressively activated to yield 
hydrogen (Figure 2). The XP spectrum recorded after ammonia decomposition at this 
temperature shows again the bands at 853 and 870 eV characteristic of Ni metal, the 
satellite signal becomes less intense, and the Ni/Ce atomic value decreases again to ca. 
0.5. Therefore, it is safe to conclude that the active species for ammonia decomposition is 
metallic Ni. Accordingly, at 550ºC, where the catalyst was fully active and stable (Figure 
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2), the amount of Ni metal increases with respect to oxidized species from about 31 to 
44% (Table 1) and the TOFH2 reaches its maximum value (Figure 9). The persistence of 
oxidized Ni at the catalyst surface is ascribed to oxygen donation from the ceria support 
[54]. Regarding the Ce 3d spectra, the amount of Ce(III) is maintained approximately 
constant at 30% (Table 1), independent of the reaction conditions. However, it is 
interesting to note that at 550ºC the amount of Ce(III) is significantly larger under pure H2 
compared to ammonia decomposition conditions (61 vs. 42%), but the amount of Ni metal 
is similar under the ammonia decomposition conditions with respect to pure H2 (48 vs. 
44%). This constitutes additional evidence that hydrogen is likely produced during 
ammonia decomposition on Ni particles or at the interface between Ni metal nanoparticles 
and the CeO2 support, where it has a stronger reduction effect. Finally, it is worth 
mentioning that there is a correlation between the extent of ammonia decomposition and 
hydroxyl bands on the surface of the catalyst. Figure 10 shows the O 1s region of the 
activated sample and after the ammonia decomposition reaction at 350, 450 and 550ºC. In 
the spectra, the most intense signal at 528.9 eV corresponds to lattice oxygen, and that at 
about 531.5 eV corresponds to surface hydroxyl groups. The intensity of the hydroxyl band 
is low in the sample after activation and after reaction at 350ºC, when the catalyst is poorly 
active for ammonia decomposition. In contrast, at 450 and 550ºC the hydroxyl band 
increases progressively as does the catalytic activity (Figure 2). This result is aligned with 
DFT calculations reported for the decomposition of ammonia on Ir(100), which shows that 






Table 1. Surface atomic ratios and binding energies of Ni/CeO2 and Ru/CeO2 from in situ 
analysis. 
    Ni 2p3/2 Binding Energy (eV) 
Ni/CeO2 Ni/Ce Ce(III)/Ce (%) Ni0/Ni (%) Niox Ni0 
as prepared 1.1 30 0 854.1, 855.8 , 856.0 - 
activated at 300ºC 0.63 29 33 854.6, 856.0 852.9 
reaction 350ºC 1.0 17 0 853.9, 855.3, 856.2 - 
reaction 450ºC 0.54 24 31 854.7, 856.0 853.0 
reaction 550ºC 0.53 42 44 854.2, 856.0 852.7 
reduced at 550ºC 0.46 61 48 853.9, 856.0 852.8 
        Ru 3d5/2 Binding Energy (eV) 
Ru/CeO2 Ru/Ce Ce(III)/Ce (%) Ru0/Ru (%) Ruox Ru0 
as prepared 0.38 23 0 281.5, 283.7 - 
activated at 300ºC 0.48 46 18 280.8, 283.2 280.3 
reaction 350ºC 0.17 32 16 280.7 279.9 
reaction 450ºC 0.18 31 27 280.8 280.0 
reaction 550ºC 0.18 44 38 280.7 280.1 





Figure 1. Ce 3d and Ni 2p spectra of in situ XPS experiments carried out over Ni/CeO2 a) 
as prepared, b) after activation with H2 at 300ºC, c) after ammonia decomposition at 




Figure 9. Atomic ratios from in situ XPS analysis and TOFH2 of Ni/CeO2 and Ru/CeO2. 
 
Figure 10. O1s spectra of in situ XPS carried out on Ni/CeO2 catalyst a) after activation 
with H2 at 300ºC, b) after ammonia decomposition at 350ºC, c) 450ºC, and d) 550ºC. 
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The analysis of the in situ XPS experiment recorded over the Ru/CeO2 catalyst reveals 
some interesting differences (Figure 11). Initially, the fresh sample only exhibits Ru 3d5/2 
bands at about 281.5-283.7 eV (Table 1) that partially overlap with the C 1s signal. This 
value corresponds to Ru oxide species, in accordance to XRD results (Figure 6). When the 
sample is activated (reduced at 300ºC) a new band at 280.3 eV (Table 1) appears, which 
is characteristic of Ru metal. After ammonia decomposition at 350ºC, ca. 16% of Ru 
persists in a metallic state (Table 1). At this temperature the catalyst already showed 
stable ammonia conversion of 36% (Figure 2). At higher reaction temperatures (450 and 
550ºC), the catalyst achieved its maximum activity (Figure 9) and the spectra recorded 
show the presence of Ru metal (Figure 11). This again points to the fact that the metal 
function is required and that Ru metal is involved in the active site for ammonia 
decomposition. On the other hand, the amount of Ce(III) during the reaction is higher in 
Ru/CeO2 compared to Ni/CeO2 (Figure 9). In Ru/CeO2 the amount of Ce(III) is 32-44% 
(compared to 17-42% in Ni/CeO2) (Table 1). This is a direct consequence of the presence 
of Ru metal, which facilitates hydrogen spillover and the associated reduction of Ce(IV) 
into Ce(III). Finally, it has been observed that the atomic Ru/Ce ratio has remarkably 
decreased during the experiments, from 0.48 in the reduced sample to 0.20 at the end of 
the study. Under the same conditions with Ni/CeO2 the atomic Ni/Ce ratio decreased only 
from 0.6 to 0.5 (Table 1). This suggests that stability issues may be important during 




Figure 11. Ce 3d and Ru 3d spectra of in situ XPS experiments carried out over Ru/CeO2 
a) as prepared, b) after activation with H2 at 300ºC, c) after ammonia decomposition at 
350ºC, d) 450ºC, e) 550ºC, and f) after reduction at 550ºC. 
 
3.4 Stability test 
Long term (100 h) stability tests were conducted over Ru/CeO2, Ni/CeO2, Ru/Al2O3 and 
Ni/Al2O3 at 450ºC to study the robustness of the catalysts (Figure 12). The high stability of 
the Ni-based catalysts in terms of ammonia conversion after 100 h is remarkable; in fact 
the Ni/Al2O3 catalyst activated progressively over time on stream and the Ni/CeO2 catalyst 
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remained unaltered. In contrast, the Ru-based samples deactivated under the same 
reaction conditions. In particular, the Ru/Al2O3 sample deactivated drastically and after 85 
h on stream its performance was surpassed by Ni/CeO2. Interestingly, the use of ceria as 
a catalyst support greatly increases the stability of Ru compared to Ru/Al2O3. The 
Ru/CeO2 catalyst is also deactivated, but to a lesser extent. 
 
 
Figure 12. Stability test of Ru and Ni supported on ceria and alumina. GHSV of 3,067 h-1, 
0.1 g of catalyst, F/W of 13.8 L h-1g-1, Ar:NH3=1.3:1, 450ºC and 1 atm. 
 
The in situ XPS study discussed in section 3.3 over Ru/CeO2 revealed clearly that the 
Ru/Ce ratio decreased over time (from Ru/Ce 0.48 to 0.20, Table 1), suggesting that 
deactivation is likely caused by the progressive decrease of exposed Ru. To further 
confirm this, at the end of the stability tests the samples were analyzed by XPS (Figure 
13), and the Ru/Ce ratio in Ru/CeO2 was only 0.05. Thus, we safely conclude that 
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deactivation is due to a severe loss of exposed Ru. As expected, at the end of the stability 
test both Ni0 and Ru0 species are clearly identified, in accordance with the in situ XPS 
study reported above.  
 
 




Finally, the catalysts were also studied by HAADF-STEM at the end of the stability test 
(Figure 14). The particle size of Ru in the post-reacted Ru/Al2O3 catalyst was about 40 nm, 
which is much larger than the Ru particle size in the fresh sample (ca. 8 nm, Figure 4). 
Thus, sintering of Ru accounts for the progressive and strong deactivation of Ru/Al2O3 
(Figure 12). In contrast, the particle size of Ru in the post-reacted Ru/CeO2 catalyst was 
about 6 nm, which is slightly lower than the Ru particle size in the fresh sample (7 nm, 
Figure 4). Therefore, taking into account the decrease in particle size as determined by 
HAADF-STEM and the decrease of the Ru/Ce surface atomic ratio as determined by XPS, 
the deactivation of Ru/CeO2 is ascribed to a progressive volatilization of Ru. According to 
this, the Ni particle size in the Ni/Al2O3 sample after the stability test was about 7 nm 
(Figure 14), which is larger than that of the fresh sample (3.3 nm, Figure 4), whereas the 
Ni particle size in the Ni/CeO2 catalyst was preserved at about 5 nm after the stability test. 
 
Figure 14. HAADF-STEM images and particle size histograms of Ru and Ni particles after 




In summary, Ru-based catalysts, although they exhibit a high initial activity for ammonia 
decomposition, undergo deactivation. Taking into account that Ni-based samples are 
stable under the same operation conditions and that Ni/CeO2 is much more active in 
ammonia decomposition than Ni/Al2O3, catalyst Ni/CeO2 it is thus considered an 




A series of Ni, Ru and Ni-Ru supported on Al2O3 and CeO2 have been prepared, 
characterized and tested in the decomposition of ammonia to obtain hydrogen. The initial 
activity of the ammonia decomposition follows the trend: Ru/CeO2 > Ru-Ni/CeO2 ~ Ni-
Ru/CeO2 ~ NiRu/CeO2 > Ru/Al2O3 > Ni/CeO2 >> Ni/Al2O3. The catalysts as prepared 
contain a good dispersion of NiO and RuO2 over the supports, which evolve into metal 
nanoparticles after an activation treatment under H2 at 300°C. Ru-based catalysts are 
more active than Ni-based, but deactivate either by metal sintering (Ru/Al2O3) or by Ru 
volatilization (Ru/CeO2). For Ni-based catalysts, at low ammonia decomposition 
temperatures (up to 450°C) the Ni metal nanoparticles reoxidize and deactivate, whereas 
at temperatures above 450°C they are maintained in their reduced state and the catalysts 
become very active and stable. In this work we have demonstrated that CeO2 is a better 
support than conventional Al2O3 for this reaction and that the bimetallic system Ni-
Ru/CeO2 does not allow for further improvement of the results obtained over Ru/CeO2. In 
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